The contribution of single components of impaired central auditory performance in children with SLI is still unclear though [9, 10] . One of the probable reasons for this issue is due to the methods of testing. Traditionally, audiologically based psychometric language tests are used for the assessment of CAPD. However, such psychometric tests depend on motivation, attention, memory [11] , and intelligence. Furthermore, there are not only cognitive but also linguistic factors involved in the tests [12, 13] . Moreover, these tests depend on examiner experience and patient compliance, which is highly problematic in children [9] . Additionally, not all tests are standardized, and their quality and validity may be debatable [1] . Therefore it is recommended to conduct several tests in order to obtain a diagnosis [14] . Hence, over the past few years psychometric test batteries have been developed that can lead to a reliable diagnosis [1, 14] . The main interest today, though, rests on more objective tests like electroencephalography (EEG) and auditory event-related potentials (AEPs).
In this study, we examined auditory evoked mismatch negativity (MMN) that was first described by Näätänen et al. [23] in 1978. It enables objective measurement of auditory discrimination ability [15] , which is one of the factors assumed to be negatively affected in children with CAPD [3] . Therefore it seems to be a very promising tool for investigating CAPD [16] [17] [18] [19] [20] [21] [22] .
MMN is an AEP component that occurs when a different stimulus is presented to a subject in a train of identical auditory stimuli [23] . It is interpreted as the outcome of a comparison process between the deviant stimulus and a memory trace left behind from a repetition of the standard stimulus [24] . It can be quantified by subtracting the EEG responses to the standard stimulus from those to the deviant stimulus. The use of MMN has several advantages. Eliciting MMN by tone stimuli is a nonverbal examination (it can also be derived using speech tasks, e.g. minimal pair syllables) and moreover, it is an objective measurement and does not require active participation on the part of the subject. However, there are also disadvantages concerning the MMN, e.g. that it is time-consuming. The stimulus ratios (1: 7-1: 10) used in earlier studies [25] [26] [27] are not acceptable for clinical use. Furthermore, there is a need for trained experts that can analyze the data visually, which in turn is very subjective.
Up to now, several studies have shown that heterogeneous groups of children with developmental disturbances display changes in MMNs suggesting delayed central auditory processing. For example, Korpilahti [20] , Korpilahti and Lang [28] and Holopainen et al. [18] found attenuated amplitudes of MMN using frequency deviants in children with SLI. Lachmann et al. [29] examined children with impairment of frequent-word reading who tended to have diminished MMNs as well. Moreover, in another study, dyslexic children were found to have smaller MMN in response to frequency deviants compared to their controls [30, 31] . In a study by Kraus et al. [32] , children with poor discrimination abilities for rapid acoustic changes that occur in speech (dalpha/galpha) also had significantly lower amplitudes and smaller areas under the curve (AUCs) of MMN than healthy controls.
However, examinations with MMN have produced contrasting results. For example, Alonso-Búa et al. [5] found no difference concerning MMN characteristics between children with reading difficulties and their controls. Dyslexic Chinese schoolchildren tested by Meng et al. [33] did not differ in MMN characteristics from healthy children. Sharma et al. [15] as well as Schulte-Körne et al. [34] found disordered children did not differ from healthy children regarding reading abilities. Uwer et al. [35] found attenuated MMN waves in SLI children in response to speech stimuli but no different MMN waveforms in response to tones.
The studies mentioned earlier, however, indicate that disorders in the auditory perception affect MMN. To transfer MMN recordings to clinical practice, the promising results gained at group level have to confirm selectivity about individual subjects.
Thus, the aim of the present study was to examine whether individual performance in auditory functions is reflected in MMN. This means we were interested in physical aspects of perception like frequency and intensity, and temporal aspects of audition like gap detection reflected in MMN. For this purpose, the outcomes of psychometric language and hearing tests were analyzed for correlations with MMN characteristics derived in a multi-deviant design of tone stimuli. Besides a control group of normal-hearing children, CAPD children with diminished auditory performance participated in this study.
Methods

Subjects
Forty-five German-speaking preschool children (24 males, 21 females; mean age 6 years, range 5-7 years) participated in the study. were suspected to have speech disorders. Subsequently, they were examined in more detail at the University Department of Phoniatrics and Pediatric Audiology (Erlangen). Figure 1 gives an overview of the test battery that was administered.
Case histories were conducted for each child. Pure-tone audiometric testing indicated normal hearing for all participating children. The children were tested with the Culture Fair Intelligence Test 1 [36] . Nine children were excluded because of psychoneurological problems (IQ ! 85). The remaining 32 children had an intelligence quotient ranging from 85 to 130 (mean IQ 104).
The following German psychometric tests were conducted: Heidelberger Test of Language Development (HSET) [37] , Heidelberger Preschool Screening (HVS) [38, 39] , Psycholinguistic Analysis of Infantile Speech Disorders [40] , Bielefelder Screening for Early Diagnosis of Reading and Writing Disorders, Active Vocabulary Test, and Göttinger Speech Perception Test II [41] , which includes hearing in a noisy environment. These tests include various analyses that are widely used in psychometric tests in every language. CAPD was diagnosed according to test thresholds and after clinical examination by experienced phoniatricians. Thirtytwo children were thus diagnosed with CAPD.
Thirteen healthy children from public preschools served as the control group (referred to as 'controls'). None of the remaining 45 children (13 controls + 32 CAPD children) had been identified as having serious emotional disturbances or mental retardation. Finally, AEPs were conducted on all remaining 45 children.
Behavioral Tests
The subtests of HVS and HSET were analyzed in more detail in this study. The results of these subtests are presented as T values (mean value 50, standard deviation 10) [37, 38] . T values 1 40 are the criterion for passing a subtest according to the test manuals. Each time comparisons with the single subtests were made, the children were divided into two groups for each subtest according to the threshold T value of 40. Group sizes were variable in each allocation.
Heidelberger Test of Language Development
The HSET is a psychometric test consisting of nine subtests assessing the developmental status of linguistic abilities. Three of the most widely used subtests in Germany were administered in this study: -Comprehension of Grammatical Structures tests the ability to understand subject-object differentiations: the child has to imitate spoken sentences nonverbally with wooden toy animals. -Imitation of Grammatical Structures challenges the linguistic reproduction of spoken sentences. The level of difficulty is determined by the use of verbs in the active and the passive voice and in different tenses. Inability to imitate grammatically difficult sentences suggests a lack of familiarity with these specific grammatical structures. Moreover, it proves the memorization and the reproduction of different complex contents of speech to evaluate one aspect of auditory memorization. -Item Classification examines the aspect of concepts in speech as well as levels of linguistic structure. In this subtest, a child has to choose one out of 30 picture cards corresponding to a certain category (e.g. animals).
Heidelberger Preschool Screening
The HVS measures a subject's state of auditory-kinesthetic perception and abilities of speech processing. It is subdivided into 12 subtests; the following seven subtests were administered in this study: -Auditory Memory Span identifies the range of the working memory: the child has to reproduce a presented series of numbers. The test starts with two numbers and goes up to six numbers in-line. -Initial Sound Analysis tests specific phonological awareness by examining the ability to use small linguistic items. A child has to name the first letter (consonant or vowel) occurring in a word. -Syllable Segmentation challenges a child to break down larger sound items by clapping the syllables of a word, i.e., marking word boundaries. Thus, phonological awareness in general is tested. -Phoneme Discrimination detects the ability to discriminate phonemes that sound alike. A child has to decide whether or not two similar sounding words are actually the same. -Motor Activity of Articulation tests the conversion of phonological information into articulation programs. During the first part of the subtest, the child has to repeat tongue twisters containing diadochokinetic patterns of articulation (e.g. ka- ta-ka ka-ta-ka). In the second part, words with different patterns of articulation or clusters of consonants have to be reproduced (i.e., nonsense words like te-ki-pu). -Recognizing Rhyming Words consist of word pairs that are presented to the child. The child has to decide whether they sound similar or not. This task is designed to test a child's ability to detect constant speech segments so that he/she will later be able to convert sound into spelling. -Word Families examines the ability to handle morphemes by presenting four words to a child. He/she has to choose the ones belonging to the same word family [39] and eliminate the one word that does not fit.
Electrophysiological Examination EEG Recording and Averaging
The recordings were conducted in a soundproof, electrically shielded chamber via two loudspeakers. The children were told to concentrate on a displayed movie without sound and to ignore the stimuli presented. To insure the vigilance of the children, a monitoring TV camera was mounted in the recording room [42] . The continuous EEG was recorded at a sampling rate of 500 Hz with the BrainVision Recorder 1.01 (Brain Products GmbH, Gilching, Germany) and analyzed with the program BrainVision Analyzer 1.04 (BrainProducts GmbH) using 19 Ag/AgCl electrodes (Fp1, Fp2, Fz, Cz, Pz, F7, F3, F4, F8, C3, C4, T7, P3, P4, T8, T3, T4, O1, O2) placed according to the international 10-20 system [43] . The impedance of each electrode was less than 10 k⍀ (80% less than 2 k⍀, 95% less than 5 k⍀). While recording, a ground electrode on the vertex (FCz) served as reference. Two additional electrodes (TP1, TP2) over each mastoid were used as reference electrodes offline and another electrode below the right eye served as a control for artificial eye movements. Sweeps with EEG recordings exceeding 8 150 V were rejected as artifacts [29] . The raw data was band pass-filtered offline with a low-frequency cutoff of 0.13 Hz and a high-frequency cutoff of 20 Hz with a slope of 12 dB/octave. The mean voltage of the prestimulus interval of 50 ms served as a baseline.
MMN Paradigm: Stimuli and Procedure Four different stimuli were used: (1) standard stimulus (SS), a harmonic stimulus consisting of three sinusoidal components (500, 1,000 and 1,500 Hz) with a duration of 100 ms at 67 dB including a 5-ms rise and fall; (2) frequency deviant (FD) with a 10% higher frequency (550, 1,100 and 1,650 Hz) than SS; (3) intensity deviant (ID) at 77 dB instead of 67 dB, and (4) gap deviant (GD) containing a 16-ms gap with a 5-ms rise and fall in the middle of an SS.
The two stimuli 'direction' and 'duration', as used by Näätän-en et al. [25] , were not used in this study. Preliminary studies indicated that the contrast between the duration deviant and SS was inappropriate. This left three deviant types to work with.
The stimuli were presented with the BrainAmp MR (Brain Products GmbH). A new MMN paradigm in pseudorandomized order (fixed interstimulus interval of 500 ms) slightly different from the latest 5-deviant paradigm [25] was used. Two standards were followed by one randomly chosen deviant (2: 1) [44] . Because of the significant drop in MMN magnitude after the first 10 min of measuring [45] , the recordings were conducted 3 times placing breaks of 5 min between them. Three identical recorded sequences of 5 min were obtained consisting of a total of 1,008 standard signals and 378 deviant signals (126 for each single deviant). The continuous dataset was segmented in sweeps of 550 ms consisting of a time interval of -50 to 500 ms according to stimulus onset. After rejecting the artifacts, the AEPs were computed by averaging the remaining responses separately for each stimulus type (SS, FD, ID, and GD). There was a mean of 897 ( 8 176) sweeps that were averaged for the standard signal as well as a mean of 108 ( 8 21) sweeps for each deviant. The difference waveform containing the MMN was gained by subtracting AEPs evoked by the standard stimuli from those elicited by the deviant stimuli.
Data Analysis
Extracting MMN Characteristics The commonly investigated MMN characteristics peak amplitude, onset latency, peak latency, duration, and AUC were obtained [15, 46] . A more objective statistical analysis than the usual approach of building a difference signal from standard and deviant AEP (and extracting all MMN characteristics out of this visually inspected grand average waveform) was conducted.
Using the sweeps provoked by standard and deviant stimuli for every recorded point (t o -t 250 ) of the 500-ms post-stimulus interval, a one-tailed t test comparing the mean value of the deviant to the mean value of the standard was conducted, yielding 251 tests. To reduce the statistical alpha error in response to this multitude of tests, a logical AND-operation of an H 1 hypothesis (mean values of deviant and standard sweeps are different) in the two electrode sites Fz and Cz was applied. These are the electrode sites where the largest MMN responses were found. A subject was assumed to offer an MMN if paired t tests showed a significant difference (p ^ 0.05) in mean values between standard sweeps and deviant sweeps for at least 20 ms simultaneously on both channels [45] . The PC software used for calculations was MAT-LAB version 6.5.
The two characteristics onset latency and duration were calculated once during the H 1 signal.
(1) Onset latency: first sample of H 1 signal unequal to zero. (2) Duration: length of H 1 signal ( 6 20 ms).
The characteristics peak amplitude and peak latency as well as AUC were calculated separately for each of the 19 electrode sites. The time interval of the H 1 signal gained from electrode sites Fz and Cz was used for the extraction of peak amplitude, peak latency and AUC. If several significant time intervals were divided by a nonsignificant interval, the duration was calculated as the sum of both intervals. The amplitude was set at the most negative voltage in all intervals and the AUC was calculated as the sum of all integrated areas of the two time intervals.
Based on the comparison of mean values for standard and deviant sweeps, one significant difference time window of SS and each deviant was obtained ranging from 140-500 ms for FD, GD and ID. For further calculations 140 ms was used as the beginning time point for all deviants. A cutoff point at 400 ms was set for each time interval to exclude late MMN (also referred to as late discriminative negativity, LDN) from the following cal-culations [29] . This second negative wave can be observed at 400-500 ms in children [5] . It was first described by Korpilahti et al. [47] in 1995 who found a late negativity appearing at 432 ( 8 30) ms. It does not seem to be as stable as the MMN [48] ; there are similarities to the MMN like the appearance under the same stimulus conditions in predominantly frontal regions, but in contrast, LDN diminishes in amplitude with age unlike the developmental stability of MMN [49] . Additionally, LDN does not consistently change in response to stimulus variation and thus does not appear to be directly linked with sensory sound discrimination [26] .
Statistical Analyses (1) Two-way ANOVAs were conducted to test the effect of group (two levels: control, CAPD child) and deviant type (three levels: frequency, intensity, and gap detection) for each MMN characteristic and electrode site. (2) Topographic analyses between corresponding hemispheric electrode sites were examined with paired t tests. (3) The incidence of MMN (0-3) in a child was examined between the control group and CAPD children (percentage distribution and t tests). (4) The influence of age, intelligence (bivariate correlations using the Spearman correlation coefficient) and gender (ANOVA) were investigated. For all tests a p value of ^ 0.05 was accepted as statistically significant. Post-hoc analyses were conducted with a StudentNewman-Keuls test (PC software SPSS 14.0 for Windows, SPSS Inc., 2006, Chicago, Ill., USA).
Results
Descriptive Statistics of Psychometric Subtests
The abilities of the majority of children are all distributed at higher T values. The mean average of both groups was above the threshold of T value 40. However, the control group was significantly better than the CAPD group in all subtests (F = 6.5; p ! 0.01; table 1 ).
Thirteen of the 45 children were below the threshold T value of 40 in one subtest (below one standard deviation according to the test manual) and 25 children were below a T value of 40 in more than one subtest. The remaining 7 children had T values above 40 in all subtests.
Quality and Quantity of MMN
Standard and deviant waveforms for the controls and CAPD children are displayed in figure 2 . The waveforms of both groups were separately averaged on channel Fz. A prominent negativity in the difference waveforms was observed at 140-400 ms (MMN) ( fig. 3 ) . LDN values between 400 and 500 ms were excluded as described in the section Behavioral Tests.
All grand average waveforms display prominent P1 and N2 ( fig. 2 ) . The latency of P1 is at 100 ms, its amplitude reaching a mean of 8 V. The N2 can be found at 250 ms with amplitudes of -10 V. However, N2 is more negative in the deviant waveforms (FD, ID, and GD) than in the standard waveform (SS). This amplitude difference is used to elicit the MMN. At group level, there are no differences between the grand average waveforms of the MMN. Table 2 shows the mean values of the MMN characteristics at group level. Dependencies between the three deviants (FD, GD, ID) were analyzed using ANOVA (MMN characteristics).
The characteristic peak latency of FD occurs significantly earlier (p ! 0.05) than the peak latencies of ID or GD at electrode sites Fp1 (F = 7.7; p = 0.001), Fp2 (F = 8.7; p = 0.003), F3 (F = 7.9; p = 0.001), F4 (F = 6.7; p = 0.002), C3 (F = 8.4; p = 0.0004), C4 (F = 3.6; p = 0.032), F8 (F = 5.6; p = 0.005), T4 (F = 6.9; p = 0.002), Fz (F = 6.4; p = 0.003), Cz (F = 5.2; p = 0.007), and Pz (F = 3.5; p = 0.035; fig. 3 ). Concerning the topographic scalp distribution of the MMN, no differences can be seen between CAPD children and controls ( fig. 4 ) .
Comparing the incidence of MMN overall as well as in response to each single deviant found in the two groups of children, the controls had a higher percentage of MMN as a result of the three deviants ( tables 3 , 4 ). In the time interval of 140-400 ms, a significant t test (p = 0.03) revealed a greater MMN incidence for the controls (mean controls = 2.6; mean CAPD = 2.0). For further investigation we performed paired t tests on laterally corresponding electrode sites. While the controls exhibited no hemispheric asymmetries, CAPD children had significant differences (p ! 0.05) between electrode sites Fp1 1 Fp2, F7 1 F8, T3 1 T4, and T7 1 T8. The AUC therefore is asymmetric in CAPD children; they tend to have left-hemispheric dominance. There were also group differences in electrode sites F3 (F = 4.9; p = 0.03), F4 (F = 4.3; p = 0.042), C3 (F = 4.1; p = 0.045), C4 (F = 4.6; p = 0.034), T3 (F = 8.2; p = 0.005), and T4 (F = 7.8; p = 0.007). In controls, peak latencies occurred significantly earlier ( fig. 5 ). Student-NewmanKeuls post-hoc analysis revealed no interaction with deviant types. The characteristics onset latency, duration and peak amplitude showed no significant differences in the two groups. 
Comparing Psychometric Test Results with MMN Characteristics
Discussion
In the present study, MMN characteristics were obtained in response to changes in tone stimuli in CAPD children and controls. The objective was the examination of several extracted MMN characteristics and their interference in clinically diagnosed groups of controls and CAPD children and their psychometric test results. Since previous studies had shown changes in the MMN characteristics of children with developmental language disorders [20, 28, 30, 32] , we investigated if children with a better outcome in psychometric tests also reveal 'better' MMN characteristics.
To avoid overlooking topographic relations, we investigated three (peak amplitude, peak latency, and AUC) out of five MMN characteristics (omitting onset latency and duration) for every channel with the risk of examining redundant data. Applying the updated paradigm [44] it only takes about 15 min (without breaks) to record the EEG data. The new paradigm was able to detect MMN in preschool children: comparing MMN values with other studies using different paradigms [51, 52] , there are similar results. Further, using the introduced detection method via statistical analysis, only a few minutes are necessary to extract characteristics from the data. We exclusively examined preschool children in a very limited age range of 5-7 years. This is in contrast to other studies, which chose a wide age range but neglected aspects of maturation [50] .
Psychometric Test Results
The mean T values obtained in the psychometric tests for both groups (controls/CAPD children) were always above 40. Controls had a mean T value of 51, CAPD children of 44. Most CAPD children had T values close to the threshold of T value 40. This suggests that CAPD children are only slightly disordered in their perceptive abilities. Previous studies compared controls including children with minimal performance in their test results [29, 35] and therefore produced clear findings. Average children are removed from these investigations. In the pres- ent study, children clinically diagnosed with CAPD as well as children serving as controls were tested with a widely used German test battery. The difference between the two groups was significant (p ! 0.05) in all subtests. This suggests that these 10 audiologically oriented subtests are useful for examining CAPD.
Mismatch Negativity
The mean latency and amplitude of P1 at 100 ms were +10 V ( fig. 2 ) , consistent with Čeponiené et al. [51] and Gomes et al. [52] . P1 always appeared around 100 ms. Amplitudes from different studies are more difficult to compare: varying interstimulus intervals and frequencies can produce amplitudes from 8 1 V [53] up to 8 10 V [51] .
The time interval where a significant negativity in the signal was found was 140-500 ms. This is as expected, since Čeponiené et al. [27] noticed the MMN to start in preschool children around 150 ms and Alonso-Búa et al. [5] observed the beginning of LDN around 400 ms. This is the end of the normal MMN waveform where we cut the time interval for calculations. The LDN is implied in the FD and ID, though it is blurred in the pictured grand average waveforms ( fig. 2 ).
An MMN signal could be elicited in all controls but not in 5 CAPD children although psychometric tests suggested that they would be able to discriminate well [48] . This result is consistent with Jansson-Verkasalo's [19] findings that not all children in her three combined studies displayed an MMN waveform.
Controls versus CAPD Children
Comparing the incidence of MMN at group level, there were always more MMN detected in the controls. This is consistent with the findings of Sharma et al. [15] that controls had more MMN than children with reading disorders (compensated and noncompensated) using tone stimuli.
Further, comparing the MMN characteristics, AUC and peak latency at group level, the values for controls were significantly different from those for CAPD children (smaller AUCs in the right hemisphere and generally earlier peak latencies). CAPD children tended to recognize less and show later perception of differing tones. This might indicate that CAPD children are in fact inferior discriminators.
Examining the AUC more closely, we found controls to have stable values over both hemispheres, whereas CAPD children had an asymmetric distribution of the AUC with a significant left-hemispheric dominance. This could mean that the perception of differing tones in CAPD children takes place in laterally deviating areas of the brain.
In general, our results showed that psychometric tests correlate with specific MMN features. Although at group level some differences were found, further research is needed to determine the role of MMN in CAPD diagnostics.
The results of subtests as well as the characteristics of MMN were not influenced by other parameters that we measured in the children. Age, IQ, and gender did not affect the subtests or MMN characteristics. Holopainen et al. [18] also found no influence of age regarding groups of controls and dyslexics in MMN amplitude or peak latency, whereas Korpilahti [20, 28] found normal children to have a negative correlation between age and the onset latency of FD.
Finally, in this study we introduced an objective statistical method of extracting MMN [44] allowing reproducibility and objective comparison with future work.
Future research will have to analyze this statistical and objective method of extracting MMN characteristics more closely by extending it to more children and modifying age ranges. In addition, focusing on the incidence and peak latency of MMN in CAPD children will also be considered. Further, speech stimuli such as minimal pairs will be used in MMN examinations to develop and improve the new paradigm.
